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Abstract
The recent observations of sizable transverse fractions of B → φK∗ may hint for the existence of
new physics. We analyze all possible new-physics four-quark operators and find that two classes of
new-physics operators could offer resolutions to the B → φK∗ polarization anomaly. The operators
in the first class have structures (1− γ5)⊗ (1 − γ5), σ(1 − γ5)⊗ σ(1− γ5), and in the second class
(1+γ5)⊗(1+γ5), σ(1+γ5)⊗σ(1+γ5). For each class, the new physics effects can be lumped into a
single parameter. Two possible experimental results of polarization phases, arg(A⊥)−arg(A‖) ≈ π
or 0, originating from the phase ambiguity in data, could be separately accounted for by our
two new-physics scenarios: the first (second) scenario with the first (second) class new-physics
operators. The consistency between the data and our new physics analysis, suggests a small new-
physics weak phase, together with a large(r) strong phase. We obtain sizable transverse fractions
Λ‖‖ +Λ⊥⊥ ≈ Λ00, in accordance with the observations. We find Λ‖‖ ≃ 0.8Λ⊥⊥ in the first scenario
but Λ‖‖ >∼ Λ⊥⊥ in the second scenario. We discuss the impact of the new-physics weak phase on
observations.
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I. INTRODUCTION
The studies for two-body charmless B decays have raised a lot of interests among the particle
physics community. Recently the BABAR and BELLE collaborations have presented important
results for the B meson decaying to a pair of light vector mesons (with V = φ, ρ, or K∗) [1,
2, 3, 4, 5, 6]. This immediately surges a considerable amount of theoretical attentions to study
nonperturbative features or to look for the possibility of having new physics (NP) in order to explain
several discrepancies between the data and the Standard Model (SM) based calculations [7, 8, 9,
10, 11, 12, 13].
From the existing SM calculations for the charmless B → V V modes, it is known that
the amplitude, H00 (∼ O(1)), with two vector mesons in the longitudinal polarization state
is much greater than those in transverse polarization states, since the latter are found to be
H−− ∼ O(1/mb),H++ ∼ O(1/m2b ) (or A‖ ≃ A⊥ ∼ O(1/mb) in the transversity basis) [14]. For the
B meson decays, the relation for different helicity amplitudes is modified as H00 : H++ : H−− ∼
O(1) : O(1/mb) : O(1/m2b ). Nevertheless, recently BABAR [1, 3] first observed sizable transverse
fractions in the B → φK∗ decays, where the transverse polarization amplitudes are comparable to
the longitudinal one. This result was confirmed later by BELLE [5, 6]. In other words, in terms
of helicity amplitudes the data show that |H++ ± H−−|2 ≈ |H00|2 (or 2|A‖|2 ≈ 2|A⊥|2 ≈ |A0|2
in the transversity basis). Such an anomaly in transverse fractions is rather unexpected within
the SM framework. Efforts have already been made for finding a possible explanation in the SM
or NP scenario. In the SM, according to Kagan [7], the nonfactorizable contributions due to
the annihilation could give rise to the following logarithmic divergent contributions to the helic-
ity amplitudes: H00,H−− ∼ O[(1/m2b ) ln2(mb/Λh)], H++ ∼ O[(1/m4b ) ln2(mb/Λh)], where Λh is
the typical hadronic scale. This in turn may enhance the transverse amplitudes required to ex-
plain the anomaly. However, in the perturbative QCD (PQCD) framework, Li and Mishima [8]
have shown that the annihilations are still not sufficient to enhance transverse fractions. An-
other possibility for explaining the polarization anomaly advocated by Colangelo et al. [9] is the
existence of large charming penguin and final state interaction (FSI) effects. However they got
|A0|2(B → ρK∗) < |A0|2(B → φK∗), in contrast to the observations [1, 2, 3, 4, 5, 6], where the
normalization
∑
i |Ai|2 = 1 is adopted. With the similar FSI scenario, Cheng et al. [10] obtained
|A0|2 : |A‖|2 : |A⊥|2 = 0.43 : 0.54 : 0.03, which is also in contrast to the recent data [3, 6]. Now
the question is: Is it possible to explain this anomaly by the NP? If yes, what types of NP oper-
ators one should consider? Some NP related models have been proposed [12], where the so-called
right-handed currents s¯γµ(1 + γ5)b s¯γ
µ(1± γ5)s were emphasized [7]. If the right-handed currents
contribute constructively to A⊥ but destructively to A0,‖, then one may have larger |A⊥/A0|2 to
account for the data. However the resulting |A‖|2 ≪ |A⊥|2 [7] will be in contrast to the recent
observations [3, 6]. See also the detailed discussions in Sec. II.
In the present study, we consider general cases of 4-quark operators. Taking into account all
possible color and Lorentz structures, totally there are 20 NP four-quark operators which do not
appear in the SM effective Hamiltonian (see Eqs. (30) and (31)). After analyzing the helicity
properties of quarks arising from various four-quark operators, we find that only two classes of
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four-quark operators are relevant in resolving the transverse anomaly. The first class is made of
operators with structures σ(1−γ5)⊗σ(1−γ5) and (1−γ5)⊗ (1−γ5), which contribute to different
helicity amplitudes as H00 : H−− : H++ ∼ O(1/mb) : O(1/m2b) : O(1). The second class consists
of operators with structures σ(1 + γ5)⊗ σ(1+ γ5) and (1 + γ5)⊗ (1+ γ5), from which the resulting
amplitudes read as H00 : H++ : H−− ∼ O(1/mb) : O(1/m2b ) : O(1). Moreover, the above (pseudo-
)scalar operators can be written in terms of their companions, the (axial-)tensor operators, by Fierz
transformation. Finally, there is only one effective coefficient relevant for each class. We find that
these two classes can separately satisfy the two possible solutions for polarization phase data, which
is due to the phase ambiguity in the measurement, and the anomaly for large transverse fractions
can thus be resolved. The tensor operator effects were first noticed by Kagan [7] (see Sec. II for
further discussions).
The organization of the paper is as follows. In Sec. II, we first introduce the SM results for the
polarization amplitudes in the B
0 → φK∗0 decay within the QCD factorization (QCDF) framework.
After that we give a detailed discussion about how the NP can play a crucial role in resolving the
large transverse polarization anomaly as observed by BELLE and BABAR. The reason for choosing
the two classes of operators with structures (i) σ(1 − γ5) ⊗ σ(1 − γ5), (1 − γ5) ⊗ (1 − γ5) and (ii)
σ(1 + γ5) ⊗ σ(1 + γ5), (1 + γ5) ⊗ (1 + γ5) is explained and the relevant calculations arising from
these operators are performed. We discuss the possibility for the existence of right-handed currents
s¯γµ(1+γ5)b s¯γ
µ(1±γ5)s which was emphasized in [7]. From the point of view of helicity conservation
in the strong interactions, we discuss various contributions originating from the chromomagnetic
dipole operator, charming penguin mechanism, and annihilations. Some observables relevant in
our numerical analysis are defined in this section. In Sec. III, we summarize input parameters e.g.
Kobayashi-Maskawa (KM) elements, form factors, meson decay constants, required for our study.
Sec. IV is fully devoted to the numerical analysis. We discuss in detail two scenarios, which are
separately consistent with the two possible polarization phase solutions in data due to the phase
ambiguity. We obtain the best fit values for the NP parameters which can resolve the polarization
anomaly. Numerical results for observables are collected in this section. Finally, in Sec. V, we
summarize our results and make our conclusion.
II. FRAMEWORK
A. The Standard Model results in the QCD factorization approach
The best starting point for describing nonleptonic charmless B decays is to write down first the
effective Hamiltonian describing the processes. The processes of our concern are the B → φK∗
decays which are penguin dominated. In the SM, the relevant effective weak Hamiltonian Heff for
the above ∆B = 1 transitions is
Heff = GF√
2
[
VubV
∗
us (c1O
u
1 + c2O
u
2 ) + VcbV
∗
cs (c1O
c
1 + c2O
c
2)− VtbV ∗ts
(
10∑
i=3
ciOi
)
+ cgOg
]
+H.c.. (1)
Here ci’s are the Wilson coefficients and the 4-quarks current-current, penguin and chromomagnetic
dipole operators are defined by
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• current-current operators:
Ou1 = (ub)V−A(su)V−A O
u
2 = (uαbβ)V−A(sβuα)V−A,
Oc1 = (cb)V−A(sc)V−A O
c
2 = (cαbβ)V−A(sβcα)V−A, (2)
• QCD-penguin operators:
O3 = (sb)V−A
∑
q
(qq)V−A, O4 = (sαbβ)V−A
∑
q
(qβqα)V−A,
O5 = (sb)V−A
∑
q
(qq)V+A, O6 = (sαbβ)V−A
∑
q
(qβqα)V+A, (3)
• electroweak-penguin operators:
O7 =
3
2
(sb)V−A
∑
q
eq(qq)V+A, O8 =
3
2
(sαbβ)V−A
∑
q
eq(qβqα)V+A,
O9 =
3
2
(sb)V−A
∑
q
eq(qq)V−A, O10 =
3
2
(sαbβ)V−A
∑
q
eq(qβqα)V−A, (4)
• chromomagnetic dipole operator:
O8g =
gs
8π2
mbsσ
µν(1 + γ5)T
abGaµν , (5)
where α, β are the SU(3) color indices, V ± A correspond to γµ(1 ± γ5), the Wilson coefficients
ci’s are evaluated at the scale µ, e and g are respectively QED and QCD coupling constants and
T a’s are SU(3) color matrices. For the penguin operators, O3, . . . , O10, the sum over q runs over
different quark flavors, active at µ ≃ mb, i.e. q ǫ{u, d, s, c, b}.
In the present work, we will embark on the study of B → φK∗ decays in the approach of the
QCDF. The B
0 → φK∗0 decay amplitude with the φ meson being factorized [14] reads
A(B
0 → φK∗0)SM = GF√
2
(−VtbV ∗ts)
[
a3 + a4 + a5 − 1
2
(a7 + a9 + a10)
]
X(B
0
K
∗0
,φ), (6)
which is penguin dominated. The annihilation contribution which is power suppressed is neglected
here [14]. The B0 → φK∗0 decay amplitude can be obtained by considering CP transformation.
As far as the charged B-meson decay is concerned, the dominant contribution also comes from
the penguin operators, while the contribution due to O1, O2 is color and KM suppressed. In the
scenario, where φ is factorized, the decay amplitudes for B0, B
0
, B+, B− are almost the same. The
factor X(B
0
K
∗0
,φ) in Eq. (6) is equal to
X(B
0
K
∗0
,φ) = 〈φ(q, ǫ1)|(ss)V−A|0〉〈K∗0(p′, ǫ2)|(sb)V−A|B0(p)〉,
= ifφmφ
[ −2i
mB +mK∗
ǫµναβǫ
∗µ
1 ǫ
∗ν
2 p
αp′βV (q2)
]
−ifφmφ
[
(mB +mK∗)ǫ
∗
1 · ǫ∗2A1(q2)− (ǫ∗1 · p)(ǫ∗2 · p)
2A2(q
2)
mB +mK∗
]
, (7)
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where the decay constants and form factors are defined by
〈φ(q, ǫ1)|V µ|0〉 = fφmφǫµ∗1 ,
〈K∗0(p′, ǫ2)|V µ|B0(p)〉 = 2
mB +mK∗
ǫµναβǫ∗2νpαp
′
βV (q
2),
〈K∗0(p′, ǫ2)|Aµ|B0(p)〉 = i
[
(mB +mK∗)ǫ
∗µ
2 A1(q
2)− (ǫ∗2 · p)(p + p′)µ
A2(q
2)
mB +mK∗
]
−2imK∗ ǫ
∗
2 · p
q2
qµ
[
A3(q
2)−A0(q2)
]
, (8)
with mB and mK∗ being the masses of B
0
and K
∗0
mesons, respectively, q = p−p′, A3(0) = A0(0),
and
A3(q
2) =
mB +mK∗
2mK∗
A1(q
2)− mB −mK∗
2mK∗
A2(q
2). (9)
It is straightforward to write down the decay width,
Γ(B
0 → φK∗0) = pc
8πm2B
(
|H00|2 + |H++|2 + |H−−|2
)
, (10)
where pc is the center mass momentum of the φ or K
∗0
meson in the B rest frame. H00, H++,
H−− are the decay amplitudes in the helicity basis and in QCDF
1, they are given by
H00 =
GF√
2
(VtbV
∗
ts)a
0
SM (ifφmφ)(mB +mK∗)
[
aA1(m
2
φ)− bA2(m2φ)
]
,
H±± = −GF√
2
(VtbV
∗
ts)a
±
SM (ifφmφ)
[
(mB +mK∗)A1(m
2
φ)∓
2mBpc
mB +mK∗
V (m2φ)
]
, (11)
with the constants a = (m2B −m2φ −m2K∗)/(2mφmK∗), b = (2m2Bp2c)/[mφmK∗(mB +mK∗)2]. Here
ahSM = a
h
3 + a
h
4 + a
h
5 − 12(ah7 + ah9 + ah10). The superscript h in ahi ’s denotes the polarization of φ and
K
∗0
mesons; h = 0 is for the helicity 00 state and h = ± for helicity ±± states. Note that the weak
phase effect is tiny in ahSM and is thus neglected in the study. Such helicity dependent effective
coefficients ahSM do arise in the QCDF, however in the naive factorization (NF), they turns out to
be same, i.e. a0SM = a
+
SM = a
−
SM = aSM . In the NF, one can rewrite the above amplitudes in the
transversity basis as
A
SM
0 =
GF√
2
(VtbV
∗
ts)aSM (ifφmφ)(mB +mK∗)
[
aA1(m
2
φ)− bA2(m2φ)
]
,
1 We choose the coordinate systems in the Jackson convention, consistent with what BaBar and Belle
did [15]. In the B rest frame, if the z axis of the coordinate system is along the the direction of the flight
of the φ meson and the transverse polarization vectors of φ are chosen to be ǫµφ(±1) = (0,∓1,−i, 0)/
√
2,
then the transverse polarization vectors of K∗ are given by ǫµK∗(±1) = (0,∓1,+i, 0)/
√
2 in the Jackson
convention, but become ǫµK∗(±1) = (0,±1,−i, 0)/
√
2 in the Jacob-Wick convention. Therefore in the NF,
arg(A‖,⊥/A0) equal to π in the Jackson convention, but are zero in the Jacob-Wick convention. Note that
in the two conventions, the longitudinal polarization vectors are the same as ǫµφ(0) = (pc, 0, 0, Eφ)/mφ and
ǫµK∗(0) = (pc, 0, 0,−EK∗)/mK∗ . Here the amplitudes satisfy A = A0+A‖+A⊥, A = A0+A‖−A⊥, where
the kinematic factors are not shown.
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A
SM
‖ = −
GF√
2
(VtbV
∗
ts)aSM (i
√
2fφmφ)(mB +mK∗)A1(m
2
φ),
A
SM
⊥ = −
GF√
2
(VtbV
∗
ts)aSM (i
√
2fφmφ)
2pcmB
(mB +mK∗)
V (m2φ). (12)
In the QCDF, ahi ’s are given by
ah1 = c1 +
c2
Nc
+
αs
4π
CF
Nc
c2 (F
h + fhII),
ah2 = c2 +
c1
Nc
+
αs
4π
CF
Nc
c1 (F
h + fhII),
ah3 = c3 +
c4
Nc
+
αs
4π
CF
Nc
c4 (F
h + fhII),
ah4 = c4 +
c3
Nc
+
αs
4π
CF
Nc
{
c3[(F
h + fhII) +G
h(ss) +G
h(sb)]− c1
(
λu
λt
Gh(su) +
λc
λt
Gh(sc)
)
+(c4 + c6)
b∑
i=u
(
Gh(si)− 2
3
)
+
3
2
(c8 + c10)
b∑
i=u
ei
(
Gh(si)− 2
3
)
+
3
2
c9[eqG
h(sq)− 1
3
Gh(sb)] + cgG
h
g
}
,
ah5 = c5 +
c6
Nc
− αs
4π
CF
Nc
c6(F˜
h + fhII + 12),
ah6 = c6 +
c5
Nc
,
ah7 = c7 +
c8
Nc
− αs
4π
CF
Nc
c8(F˜
h + fhII + 12)−
α
9π
NcC
h
e ,
ah8 = c8 +
c7
Nc
,
ah9 = c9 +
c10
Nc
+
αs
4π
CF
Nc
c10 (F
h + fhII)−
α
9π
NcC
h
e ,
ah10 = c10 +
c9
Nc
+
αs
4π
CF
Nc
c9 (F
h + fhII)−
α
9π
Che , (13)
where CF = (N
2
c − 1)/(2Nc), si = m2i /m2b , λq = VqbV ∗qq′ , and q′ = d, s. Note that we have given the
expressions for ah1 , a
h
2 , which may be relevant for charged B decays, arising due to O1 and O2 in
Eq. (1). There are QCD and electroweak penguin-type diagrams induced by the 4-quark operators
Oi for i = 1, 3, 4, 6, 8, 9, 10. These corrections are described by the penguin-loop function G
h(s)
given by
G0(s) =
2
3
− 4
3
ln
µ
mb
+ 4
∫ 1
0
duΦφ‖ (u)
∫ 1
0
dxx(1− x) ln[s− u¯x(1− x)],
G±(s) =
2
3
− 2
3
ln
µ
mb
+2
∫ 1
0
du
(
g
φ(v)
⊥ (u)±
1
4
dg
φ(a)
⊥ (u)
du
)∫ 1
0
dxx(1− x) ln[s− u¯x(1− x)] . (14)
In Eq. (13) we have also included the leading electroweak penguin-type diagrams induced by the
operators O1 and O2,
Che =
(
λu
λt
Gh(su) +
λc
λt
Gh(sc)
)(
c2 +
c1
Nc
)
. (15)
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The dipole operator O8g will give a tree-level contribution proportional to
G0g = −2
∫ 1
0
du
Φφ‖(u)
1− u ,
G±g =
∫ 1
0
du
u¯
[ ∫ u
0
(
Φφ‖(v) − g
φ(v)
⊥ (v)
)
dv − u¯gφ(v)⊥ (u)∓
u¯
4
dg
φ(a)
⊥ (u)
du
+
g
φ(a)
⊥ (u)
4
]
, (16)
In Eq. (13), the vertex correction is given by
F h = −12 ln µ
mb
− 18 + fhI , (17)
where we have used the na¨ive dimensional regularization (NDR) scheme [16],
γµγνγλ(1− γ5)⊗ γµγνγλ(1− γ5) = 4(4− ε)γµ(1− γ5)⊗ γµ(1− γ5), (18)
γµγνγλ(1− γ5)⊗ γλ(1− γ5)γνγµ = 4(1− 2ε)γµ(1− γ5)⊗ γµ(1− γ5), (19)
γµγνγλ(1− γ5)⊗ γµγνγλ(1 + γ5) = 4(1 + ε)γµ(1− γ5)⊗ γµ(1 + γ5), (20)
γµγνγλ(1− γ5)⊗ γλ(1 + γ5)γνγµ = 4(4− 4ε)γµ(1− γ5)⊗ γµ(1 + γ5), (21)
with D = 4 − 2ε, and have adopted the MS substraction. An explicit calculation for fhI , arising
from vertex corrections, yields
f0I =
∫ 1
0
dxΦφ‖ (x)
(
3
1 − 2x
1− x lnx− 3iπ
)
,
f±I =
∫ 1
0
dx
(
g
φ(v)
⊥ (x)±
1
4
dg
φ(a)
⊥ (x)
dx
)(
3
1− 2x
1− x lnx− 3iπ
)
. (22)
The hard kernel fhII for hard spectator interactions, arising from the hard spectator interactions
with a hard gluon exchange between the emitted vector meson and the spectator quark of the B
meson, have the expressions:
f0II =
4π2
Nc
2fBfK∗mK∗
h0
∫ 1
0
dρ
ΦB1 (ρ)
ρ¯
∫ 1
0
dη
ΦK
∗
‖ (η)
η¯
∫ 1
0
dξ
Φφ‖(ξ)
ξ
,
f±II = −
4π2
Nc
fBf
T
K∗
mBh±
(1∓ 1)
∫ 1
0
dρ
ΦB1 (ρ)
ρ¯
∫ 1
0
dη
ΦK
∗
⊥ (η)
η¯2
∫ 1
0
dξ
×
[
2
(
g
φ(v)
⊥ (ξ)−
1
4
dg
φ(a)
⊥ (ξ)
dξ
)
+
(
1
ξ
− 1
ξ¯
)∫ ξ
0
dv(Φφ‖ (v)− g
φ(v)
⊥ (v))
]
+
4π2
Nc
2fBfK∗mK∗
m2Bh±
∫ 1
0
dρ
ΦB1 (ρ)
ρ¯
∫ 1
0
dη
(
g
K∗(v)
⊥ (η) ±
1
4
dg
K∗(a)
⊥ (η)
dη
)∫ 1
0
dξ
×
{
η¯ + ξ¯
η¯2ξ¯
(
g
φ(v)
⊥ (ξ)±
1
4
dg
φ(a)
⊥ (ξ)
dξ
)
+
1
η¯2ξ
∫ ξ
0
dv(Φφ‖ (v)− g
φ(v)
⊥ (v))
}
, (23)
where
h0 = (m
2
B −m2K∗ −m2φ)(mB +mK∗)ABK
∗
1 (m
2
φ)−
4m2Bp
2
c
mB +mK∗
ABK
∗
2 (m
2
φ),
h± = (mB +mK∗)A
BK∗
1 (m
2
φ)∓
2mBpc
mB +mK∗
V BK
∗
(m2φ). (24)
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Note that F˜ h can be obtained from F h in Eq. (17) with the replacement of g
′φ(a)
⊥ → −g′φ(a)⊥ . We
will introduce a cutoff of order ΛQCD/mb to regulate the infrared divergence in fII . Note also
that we have corrected 2 the QCDF results in Ref. [14] which were done by Cheng and one of us
(K.C.Y.). The key point for the calculation is that one needs to consider correctly the projection
operator in the momentum space, as discussed in Appendix A, which may explain the difference
with Ref. [17] 3. In the calculation, we take the asymptotic light-cone distribution amplitudes
(LCDAs) for the light vector mesons, and a Gaussian form for the B meson wave function. [14].
We now make a SM estimate for various helicity amplitudes from a power counting point of view.
For B
0 → φK∗0, the helicity amplitude H00 arising from the (V −A)⊗ (V −A) operators is O(1),
since each of φ and K
∗0
mesons, with the quark and antiquark being left and right-handed helicities,
respectively, requires no helicity flip. For H−−, the helicity flip for the s¯ quark in the φ meson is
required, resulting in mφ/mb suppression for the amplitude. Finally in H++ two helicity flips for s
quarks are required, one in φ meson and the other in the B
0 → K∗0 form factor transition, which
cause a suppression by (mφ/mb)(Λ¯/mb), where Λ¯ = mB − mb. In a nutshell, the three helicity
amplitudes in the SM can be approximated as H00 : H−− : H++ ∼ O(1) : O(1/mb) : O(1/m2b).
One should note that for the CP-conjugated B0 → φK∗0, the above result is modified to be
H00 : H++ : H−− ∼ O(1) : O(1/mb) : O(1/m2b ). The results extended to various possible NP
operators together with the SM operators will be shown later in Table I and also illustrated in
Fig. 1.
B. New physics: hints from the BABAR and BELLE observations
The large transverse B → φK∗ fractions as have been observed by BELLE and BABAR [2, 3,
5, 6], may hint a departure from the SM expectation for the longitudinal one. Within the SM, the
QCDF calculation [14] yields
1−R0 = O(1/m2b) = RT , (25)
where R0 = |A0|2/|Atot|2 and RT = R‖ + R⊥ = (|A‖|2 + |A⊥|2)/|Atot|2. The observation of large
RT , as large as 50%, may be possible to be accounted for in the SM, but here we are considering
the new physics alternatively 4. In the transversity basis the recent experiments [3, 6] have shown
that
|A0|2(= |H00|2) ≈ |AT |2(= |A‖|2 + |A⊥|2) , (26)
2 We especially thank A. Kagan for pointing out that some terms in Chg may be missed in Ref. [14]. We
were therefore motivated to recalculate the QCDF decay amplitudes.
3 Our G+g does not agree with that obtained by Yang et al. [12].
4 In the PQCD approach, annihilation contributions appear to be too small to resolve the puzzle [8], but
Li [18] has recently argued that an decrease in one of the B → K∗ form factors could be helpful. Nev-
ertheless, using the QCDF, Kagan [7] showed that the suppressed annihilations could account for the
observations with modest values for the BBNS parameter ρA. See also the discussion after Eq. (35).
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where A‖ = (H+++H−−)/
√
2 and A⊥ = −(H++−H−−)/
√
2. One may need NP to explain such
a large RT (≈ R0). A set of NP operators contributing to the different helicity amplitudes like
H00 : H−− : H++ ∼ O(1/mb) : O(1) : O(1/m2b ) , (27)
or
H00 : H−− : H++ ∼ O(1/mb) : O(1/m2b ) : O(1) , (28)
could resolve such polarization anomaly. Note that H−− (in the former case) and H++ (in the
latter case) are of O(1), while H00 is always of O(1/mb), in contrast to the SM expectation. The
detailed reason will be seen below.
1. New physics operators
Now Eqs. (27) and (28) can serve as guideline in selecting NP operators. To begin with, consider
the following effective Hamiltonian HNP:
HNP = GF√
2
30∑
i=11
[ci(µ)Oi(µ)] +H.c. , (29)
which may be generated from some NP sources and contains the following general NP four-
operators:
• four-quark operators with vector and axial-vector structures:
O11 = sγ
µ(1 + γ5)b sγµ(1 + γ
5)s , O12 = sαγ
µ(1 + γ5)bβ sβγµ(1 + γ
5)sα ,
O13 = sγ
µ(1 + γ5)b sγµ(1− γ5)s , O14 = sαγµ(1 + γ5)bβ sβγµ(1− γ5)sα ,
(30)
• four-quark operators with scalar and pseudo-scalar structures:
O15 = s(1 + γ
5)b s(1 + γ5)s , O16 = sα(1 + γ
5)bβ sβ(1 + γ
5)sα ,
O17 = s(1− γ5)b s(1− γ5)s , O18 = sα(1− γ5)bβs sβ(1− γ5)sα ,
O19 = s(1 + γ
5)b s(1− γ5)s , O20 = sα(1 + γ5)bβ sβ(1− γ5)sα ,
O21 = s(1− γ5)b s(1 + γ5)s , O22 = sα(1− γ5)bβ sβ(1 + γ5)sα , (31)
• four-quark operators with tensor and axial-tensor structures:
O23 = sσ
µν(1 + γ5)b sσµν(1 + γ
5)s , O24 = sασ
µν(1 + γ5)bβ sβσµν(1 + γ
5)sα ,
O25 = sσ
µν(1− γ5)b sσµν(1− γ5)s , O26 = sασµν(1− γ5)bβ sβσµν(1− γ5)sα ,
O27 = sσ
µν(1 + γ5)b sσµν(1− γ5)s , O28 = sασµν(1 + γ5)bβ sβσµν(1− γ5)sα ,
O29 = sσ
µν(1− γ5)b sσµν(1 + γ5)s , O30 = sασµν(1− γ5)bβ sβσµν(1 + γ5)sα .
(32)
9
Here ci with i = 11, . . . , 30 are the Wilson coefficients of the corresponding NP operators and µ
the renormalization scale, chosen to be mb here. Now we give an estimation of several types of NP
operators, contributing to various B
0 → φK∗ helicity amplitudes. In Fig. 1, we draw the diagrams
in the B rest frame, where q1, q3 are the s quarks, and q¯2 is the s¯ quark. (q1, q¯2) and (q3, q¯4) form φ
andK
∗
, respectively. q4 is the spectator light quark which has not any preferable direction. q1, q¯2, q3
are originated from the following operators: q¯3Γ1b q¯1Γ2q2 for O3−6, O11−14, O23−30 or q¯1Γ1b q¯3Γ2q2
for O15−22. If the helicity for q1 or q¯2 is flipped, then the amplitude is suppressed by a factor of
mφ/mb. On the other hand, if the helicity of q3 is further flipped, the amplitude will be suppressed
by (mφ/mb)(Λ¯/mb), with Λ¯ = mB −mb. The results are summarized in Table I.
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FIG. 1: The main helicity directions of quarks and antiquarks arising from various four-quark
operators during the B decay, where the solid circle denotes the b quark, q1, q3 are the s quarks,
and q¯2 is the s¯ quark. (q1, q¯2) and (q3, q¯4) form φ and K
∗
, respectively. q¯4 is the spectator light
quark which has no preferable direction. The short arrows denote the helicities of quarks and
antiquarks. See the text for the detailed discussions.
From the Table I, we see that both (pseudo-)scalar operators O15−18 and (axial-)tensor operators
O23−26 satisfy the anomaly resolution criteria as given by Eqs. (27) and (28), while the rest are
not. However, through the Fierz transformation, it can be shown that O15,16 and O17,18 operators
can be expressed as a linear combination of O23,24 and O25,26 operators, respectively, i.e.,
O15 =
1
12
O23 − 1
6
O24,
O16 =
1
12
O24 − 1
6
O23,
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TABLE I: Possible NP operators and their candidacy in satisfying the anomaly resolution criteria.
We have adopted the convention Γ1 ⊗ Γ2 ≡ sΓ1b sΓ2s.
Model Operators H00 H−− H++ Choice
SM γµ(1− γ5)⊗ γµ(1∓ γ5) O(1) O(1/mb) O(1/m2b )
NP γµ(1 + γ5)⊗ γµ(1 + γ5) O(1) O(1/m2b ) O(1/mb) N
NP γµ(1 + γ5)⊗ γµ(1− γ5) O(1) O(1/m2b ) O(1/mb) N
NP (1 + γ5)⊗ (1 + γ5) O(1/mb) O(1) O(1/m2b ) Y
NP (1− γ5)⊗ (1− γ5) O(1/mb) O(1/m2b ) O(1) Y
NP (1 + γ5)⊗ (1− γ5) O(1) O(1/m2b ) O(1/mb) N
NP (1− γ5)⊗ (1 + γ5) O(1) O(1/mb) O(1/m2b ) N
NP σµν(1 + γ5)⊗ σµν(1 + γ5) O(1/mb) O(1) O(1/m2b ) Y
NP σµν(1− γ5)⊗ σµν(1− γ5) O(1/mb) O(1/m2b ) O(1) Y
NP σµν(1 + γ5)⊗ σµν(1− γ5) O(1) O(1/m2b ) O(1/mb) N
NP σµν(1− γ5)⊗ σµν(1 + γ5) O(1) O(1/mb) O(1/m2b ) N
O17 =
1
12
O25 − 1
6
O26,
O18 =
1
12
O26 − 1
6
O25. (33)
Before we continue the study, five remarks are in order. (i) The s¯σµν(1 + γ5)b s¯σµν(1 + γ5)s
operator, which could maintain |A⊥|2 ≈ |A‖|2, was first mentioned by Kagan [7] 5. (ii) We do not
consider NP of left-handed currents, s¯γµ(1−γ5)b s¯γµ(1∓γ5)s, which give corrections to SM Wilson
coefficients, c1−10, since they have no help for understanding large polarized amplitudes and are
strongly constrained by other B → PP, V P observations [19]. (iii) O11−14 are the so-called right-
handed currents, emphasized recently by Kagan [7]. These operators give corrections to amplitudes
as
A0,‖ ∝ (−VtbV ∗ts)aSM − (a11 + a12 + a13),
A⊥ ∝ (−VtbV ∗ts)aSM + (a11 + a12 + a13), (34)
where
a11 = c11 +
c12
Nc
+ nonfact., a12 = c12 +
c11
Nc
+ nonfact., a13 = c13 +
c14
Nc
+ nonfact., (35)
with “nonfact.”≡ nonfactorizable corrections. Note that a11,12,13 enter the A0,‖ amplitudes with
a “minus” sign due to the relative sign changed for A1, A2 form factors as compared to the SM
amplitudes in Eq. (11). If the right-handed currents contribute constructively to A⊥ but destruc-
tively to A0,‖, then one may have larger |A⊥/A0|2 to account for the data. According to the
SM result |A⊥/A0|2 ≃ 0.02 in Eq. (55), we need to have |a11 + a12 + a13|/| − VtbV ∗tsaSM | ∼ 1.5
5 However, the contributions arising from the s¯σµν (1+ γ5)b s¯σµν(1− γ5)s operator to different polarization
amplitudes should be H00 : H−− : H++ ∼ O(1) : O(1/m2b) : O(1/mb), not as mentioned in [7].
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such that |A⊥/A0|2 ≃ 0.25. However the resulting |A‖|2 ≪ |A⊥|2 will be in contrast to the
recent observations [3, 6]. (iv) Since, in large mb limit, the strong interaction conserves the
helicity of a produced light quark pair, helicity conservation requires that the outgoing s and
s¯ arising from s − s¯ − n gluons vertex have opposite helicities. The contribution of the chro-
momagnetic dipole operator to the transversely polarized amplitudes should be suppressed as
H00 : H−− : H++ ∼ O(1) : O(1/mb) : O(1/m2b); otherwise the results will violate the angular
momentum conservation. Actually if only considering the two parton scenario for the meson, the
contributions of the chromomagnetic dipole operator to the transversely polarized amplitudes equal
to zero [7] (see Eq. (16) and Appendix A for the detailed discussions). Similarly, the s and s¯ quark
pairs generated from c, c¯ annihilation in the charming penguin always have opposite helicities due
also to the helicity conservation. Hence, that contributions to the transversely polarized amplitudes
are relative suppressed, in contrast with the results in Refs. [9, 10]. (v) With the same reason as the
above discussion, in the SM, the transversely polarized amplitudes originating from annihilations
are subjected to helicity suppression. A suggestion pointed out by Kagan [7] for the polarization
anomaly is the annihilation via the (S − P ) ⊗ (S + P ) operator, which contributes to helicity
amplitudes as H00,H−− ∼ O[(1/m2b ) ln2(mb/Λh)], H++ ∼ O[(1/m4b ) ln2(mb/Λh)]. However this
contribution to H−− is already of order 1/mb
2 although it is logarithmic divergent.
We now calculate the decay amplitudes for B
0 → φK∗0 due to O15−18 and O23−26 operators in
Eqs. (31) and (32). The amplitudes for B0 → φK∗0 can be obtained by CP -transformation. The
matrix elements for (axial-)tensor operators O23,25 can be recast into
〈φ(q, ǫ1),K∗(p′, ǫ2)|s¯σµν(1± γ5)s s¯σµν(1± γ5)b|B(p)〉 =
(
1 +
1
2Nc
)
×fTφ
(
8ǫµνρσǫ
∗µ
1 ǫ
∗ν
2 p
ρp′σ T1(q
2)∓ 4iT2(q2)
[
(ǫ∗1 · ǫ∗2)(m2B −m2K∗)− 2(ǫ∗1 · p) (ǫ∗2 · p)
]
± 8iT3(q2)(ǫ∗1 · p)(ǫ∗2 · p)
m2φ
m2B −m2K∗
)
, (36)
under factorization, where the tensor decay constant fTφ is defined by [20, 23, 24]
〈φ(q, ǫ1)|sσµνs|0〉 = −ifTφ (ǫµ∗1 qν − ǫν∗1 qµ), (37)
and
〈K∗(p′, ǫ2)|s¯σµνqν(1 + γ5)b|B(p)〉
= iǫµνρσǫ
∗νpρp′σ 2T1(q
2) + T2(q
2)
{
ǫ∗2,µ(m
2
B −m2K∗)− (ǫ∗ · p) (p + p′)µ
}
+ T3(q
2)(ǫ∗2 · pB)
{
qµ − q
2
m2B −m2K∗
(p+ p′)µ
}
, (38)
with
T1(0) = T2(0). (39)
The helicity amplitudes for the B
0
decay due to the NP operators are (in units of GF /
√
2) given
by
H
NP
00 = −4ifTφm2B (a˜23 − a˜25)
[
h2T2(m
2
φ)− h3T3(m2φ)
]
,
12
H
NP
±± = −4ifTφm2B
{
a˜23
[
±f1T1(m2φ)− f2T2(m2φ)
]
+ a˜25
[
±f1T1(m2φ) + f2T2(m2φ)
]}
,
(40)
and in the transversity basis, the amplitudes becomes (in units of GF /
√
2)
A
NP
0 = −4ifTφ m2B [a˜23 − a˜25]
[
h2T2(m
2
φ)− h3T3(m2φ)
]
,
A
NP
‖ = 4i
√
2fTφ m
2
B(a˜23 − a˜25)f2T2(m2φ),
A
NP
⊥ = 4i
√
2fTφ m
2
B(a˜23 + a˜25)f1T1(m
2
φ), (41)
where
f1 =
2pc
mB
, f2 =
m2B −m2K∗
m2B
, ,
h2 =
1
2mK∗mφ
(
(m2B −m2φ −m2K∗)(m2B −m2K∗)
m2B
− 4p2c
)
,
h3 =
1
2mK∗mφ
(
4p2cm
2
φ
m2B −m2K∗
)
, (42)
and
a˜23 =
(
1 +
1
2Nc
)(
c23 +
1
12
c15 − 1
6
c16
)
+
(
1
Nc
+
1
2
)(
c24 +
1
12
c16 − 1
6
c15
)
+ nonfact.,
a˜25 =
(
1 +
1
2Nc
)(
c25 +
1
12
c17 − 1
6
c18
)
+
(
1
Nc
+
1
2
) (
c26 +
1
12
c18 − 1
6
c17
)
+ nonfact.,
(43)
are NP effective coefficients defined by a˜23 = |a˜23| eiδ23eiφ23 , a˜25 = |a˜25| eiδ25eiφ25 with φ23, φ25 being
the corresponding NP weak phases, while δ23, δ25 the strong phases. Note that here we do not
distinguish effective coefficients for different helicity amplitudes since those differences are relatively
tiny compared with the hierarchy results in Eqs. (27) and (28). A further model calculation
for a˜23, a˜25 will be published elsewhere [25]. Note that if applying the equation of motion to 4-
quark operators in deriving the matrix in Eq. (41), we can obtain the following relations: T1 ≃
V mB/(mB+mK∗), T2 ≃ A1mB/(mB−mK∗), T3 ≃ A2, consistent with results by the light-cone sum
rule (LCSR) calculation [20, 23, 24]. The B0 → φK∗0 polarization amplitudes can be obtained from
the results of the B
0 → φK∗0 decay by performing the relevant changes under CP-transformation.
The total SM and NP contributions for the B0 and B
0
decays can be written as
A(B0 → φK∗0) = A(B0 → φK∗0)SM +A(B0 → φK∗0)NP ,
A(B0 → φK∗0) = A(B0 → φK∗0)SM +A(B0 → φK∗0)NP . (44)
With these decay amplitudes in the transversity basis, we can evaluate physical observables:
|A0|2, |A‖|2, |A⊥|2, |A0|2, |A‖|2, |A⊥|2, Λ00,Λ‖‖,Λ⊥⊥,Λ⊥0,Λ⊥‖,Λ‖0,Σ00,Σ‖‖,Σ⊥⊥,Σ⊥0,Σ⊥‖,Σ‖0
and the triple products A0T , A
‖
T , A
0
T , A
‖
T [26]. The observables Λhh and Σhh are defined as
Λhh =
1
2
(
|Ah|2 + |Ah|2
)
,
Σhh =
1
2
(
|Ah|2 − |Ah|2
)
,
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Λ⊥i = −Im(A⊥A∗i −A⊥A∗i ),
Λ‖0 = Re(A‖A
∗
0 +A‖A
∗
0),
Σ⊥i = −Im(A⊥A∗i +A⊥A∗i ),
Σ‖0 = Re(A‖A
∗
0 −A‖A∗0), (45)
with h = 0, ‖,⊥ and i = 0, ‖. Here we adopt the normalization conditions ∑i |Ai|2 = 1 and∑
i |Ai|2 = 1. The two triple products A0T and A‖T are defined as
A0T =
Im(A⊥A
∗
0)
|A0|2 +
∣∣∣A‖∣∣∣2 + |A⊥|2 ,
A
‖
T =
Im(A⊥A
∗
‖)
|A0|2 +
∣∣∣A‖∣∣∣2 + |A⊥|2 . (46)
In our numerical analysis, we will focus on the studies of these quantities. The CP-conjugated
A
0
T and A
‖
T can be obtained by replacing A0, A‖, A⊥ by their CP-tranformed forms A0, A‖, A⊥.
Observables like Σλλ,Σ‖0,Λ⊥i (with λ = 0, ‖,⊥ and i = 0, ‖) are sensitive to the NP [26], which, in
absence of the NP, strictly equal to zero. The triple product A0T or A
‖
T can exhibit the relative phase
between A⊥ and A0 or between A⊥ and A‖. The differences between A
i
T and their CP-conjugated
parts, i.e. Λ⊥i = A
i
T −AiT (with i = 0, ‖), are CP-violating (and also T-violating following from the
CPT invariance theorem) quantities. Therefore, any non-zero prediction of Σλλ,Σ‖0,Λ⊥i resembles
the evidence of a new source of CP-violation. Moreover, since CP-violated effects are expected to
be negligible within the SM, sizable Λ⊥0 or Λ⊥‖ may also imply the existence of the NP. We will
look for these possibilities from a detailed numerical study.
III. INPUT PARAMETERS
The decay amplitudes depend on the effective coefficients ai’s, KM matrix elements, several
form factors, decay constants.
A. KM matrix elements
We will adopt the Wolfenstein parametrization, with parameters A,λ, ρ and η, of the KM matrix
as below
VKM =


Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

 =


1− 12λ2 λ Aλ3(ρ− iη)
−λ 1− 12λ2 Aλ2
Aλ3(1− ρ− iη) −Aλ2 1

 .
We employ A and λ = sin θc at the values of 0.815 and 0.2205, respectively, in our analysis. The
other parameters are found to be ρ = ρ(1− λ2/2) = 0.20± 0.09 and η = η(1− λ2/2) = 0.33± 0.05
[27].
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B. Effective coefficients ai, form factors and decay constants
The numerical values for the effective coefficients ahi with i = 1, 2, ..., 10, which are obtained in
the QCDF analysis [14], are cataloged in Table II. The effective coefficients a0i are the same both
for B and B, but not so for a
(−,+)
i . In the third and fifth columns of Table II, the ai’s with the
superscript being bracketed are for the B → φK∗ process, otherwise for the B → φK∗ process.
TABLE II: Effective coefficients for B → φK∗(B → φK∗) obtained in the QCD factorization
analysis [14], where a
+,(−)
2,3 , sensitive to the nonfactorizable contribution f
−
II which is opposite in
sign to f0,+II , are obviously different from a
0
2,3, a
−,(+)
2,3 .
a01 1.0370 + 0.0135i a
+(−)
1 1.0900 + 0.0187i a
−(+)
1 1.0180 + 0.0135i
a02 0.0764 − 0.0793i a+(−)2 −0.2351 − 0.1096i a−(+)2 0.1898 − 0.0793i
a03 0.0055 + 0.0026i a
+(−)
3 0.0156 + 0.0035i a
−(+)
3 0.0019 + 0.0026i
a04 −0.0347 − 0.0068i a+(−)4 −0.0366 + 0.001i a−(+)4 −0.0310 − 0.0036i
a05 −0.0046 − 0.0030i a+(−)5 0.0023 − 0.0019i a−(+)5 −0.0077 − 0.0030i
a07 −0.0001 − 0.0001i a+(−)7 0.00001 − 0.0001i a−(+)7 0.00009 − 0.00005i
a09 −0.0092 − 0.0003i a+(−)9 −0.0096 − 0.0002i a−(+)9 −0.0088 − 0.0002i
a010 −0.0004 + 0.0006i a+(−)10 0.0023 + 0.0010i a−(+)10 −0.0014 + 0.0007i
For the decay constants, we use [14] fφ = f
T
φ = 237 MeV, fK∗ = f
T
K∗ = 160 MeV, and
fB = 190 MeV. For the B → K∗ transition form factors, we adopt the LCSR results in [20] with
the parametrization
F (q2) = F (0) exp
[
c1(q
2/m2B) + c2(q
2/m2B)
2
]
, (47)
which were rescaled to account for the B → K∗γ data. The values of the relevant form factors
and parameters are given in Table III. The reason for choosing this set of form factors is because
TABLE III: The values for the parametrization of the B → K∗ form factors in Eq. (47) [20]. The
renormalization scale for T1, T2, T3 is µ = mb.
A1(0) A2(0) A0(0) V (0) T1(0) T2(0) T3(0)
F (0) 0.294 0.246 0.412 0.399 0.334 0.334 0.234
c1 0.656 1.237 1.543 1.537 1.575 0.562 1.230
c2 0.456 0.822 0.954 1.123 1.140 0.481 1.089
the T1(0) value extracted from the B → K∗γ and B → Xsγ data seems to prefer a smaller
one [21, 22, 23].
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IV. NUMERICAL ANALYSIS
We will estimate the NP parameters which may resolve the polarization anomaly in B(B) →
φK∗(K
∗
) decays [3, 6]. An enhancement in transversely polarized amplitudes by 50% can therefore
take place in our NP scenario since the SM polarization amplitudes, A
SM
0 : A
SM
‖ : A
SM
⊥ ∼ O(1) :
O(1/mb) : O(1/mb), are modified to be ANP0 : ANP‖ : ANP⊥ ∼ O(1/mb) : O(1) : O(1), as given in
Eq. (41) which allows us to find solutions in the NP parameter space (|a˜23| , δ23, φ23, |a˜25| , δ25, φ25)
for explaining the B → φK∗ polarization anomaly.
Choosing the normalization conditions
∑
i |Ai|2 =
∑
i |Ai|2 = 1, and setting arg(A0) =
arg(A0) = 0, one can measure the magnitudes and relative phases of the six A0,‖,⊥, A0,‖,⊥ po-
larization amplitudes 6, giving 8 measurements, and then extracts 12 observables in Eq. (45) as
well as the triple products in Eq. (46). We take the average of the BABAR and BELLE data in our
χ2 analyses for estimating NP parameters and consequently obtain the predictions for observables.
For simplicity, we neglect the correlations among the data. The χ2i of any observable Oi with the
measurement Oi(expt)± (1σi)expt is defined as
χ2i =
[
Oi(expt)−Oi(theory)
(1σi)expt
]2
. (48)
For N different observables, the total χ2 equals to χ2 =
∑N
i=1 χ
2
i . In the χ
2 best fit analysis, we
consider the following 8 observables:
|A0|2, |A⊥|2, |A0|2, |A⊥|2, arg(A‖), arg(A⊥), arg(A‖), arg(A⊥), (49)
as our inputs. For the purpose of performing the numerical analysis easily, we have converted the
BABAR measurements into the above quantities, as shown in Tables IV and V.
Since the interference terms in the angular distribution analysis [3, 6] are limited to Re(A‖A
∗
0),
Im(A⊥A
∗
0), and Im(A⊥A
∗
‖), there exists a phase ambiguity:
arg(A‖) → − arg(A‖),
arg(A⊥) → ±π − arg(A⊥),
arg(A⊥)− arg(A‖) → ±π − (arg(A⊥)− arg(A‖)). (50)
Therefore, the world averages for arg(A‖) and arg(A⊥), given in Tables IV and V, can be
arg(A‖) = −2.33± 0.22, arg(A⊥) = 0.59 ± 0.24, (51)
or, following from Eq. (50),
arg(A‖) = 2.33 ± 0.22, arg(A⊥) = 2.55 ± 0.24. (52)
From Eq. (51), the phase difference for A⊥ and A‖ reads
arg(A⊥)− arg(A‖) ≈ π, (53)
6 For simplicity, in the present study we have chosen the convention arg(A0) = arg(A0) = 0, i.e. we do not
consider here the physics arising from the difference between arg(A0) and arg(A0).
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but, on the other hand, from Eq. (52), becomes
arg(A⊥)− arg(A‖) ≈ 0. (54)
The resultant implications in Eqs. (53) and (54) are discussed below. Numerically, SM and NP
amplitudes in the transversity basis for B
0 → φK∗0 are given by
A
SM
0 = −0.00307 − 0.00074 i,
A
SM
‖ = +0.00048 − 0.000064 i,
A
SM
⊥ = +0.00040 − 0.000073 i, (55)
and
A
NP
0 ≃ 2.2
(
|a˜23|ei(δ23+φ23) − |a˜25|ei(δ25+φ25)
)
,
A
NP
‖ ≃ −11.9
(
|a˜23|ei(δ23+φ23) − |a˜25|ei(δ25+φ25)
)
,
A
NP
⊥ ≃ −10.9
(
|a˜23|ei(δ23+φ23) + |a˜25|ei(δ25+φ25)
)
, (56)
respectively, in units of −iGF /
√
2. From Eq. (55), we find that |ASM‖ |/|ASM0 | and |ASM⊥ |/|ASM0 | are
0.17 and 0.14, respectively. In other words, A
SM
‖,⊥ are O(1/mb) suppressed, compared to ASM0 . On
the other hand, the measurements for |A‖|2 ≈ |A⊥|2 ≈ 12 |A0|2, as cataloged in Table IV, mean that
A‖ and A⊥ are dominated by A
NP
‖ and A
NP
⊥ , respectively. We therefore find that the data for the
amplitude phases in Eq. (51) prefer the a˜25 terms in A
NP
‖ and A
NP
⊥ given in Eq. (56), since there is
a phase difference of π between two a˜25 terms. Consequently, from Table I, we get H++ ≫ H−− if
O17,18, O25,26 NP operators are dominant. On the other hand, for the data of the amplitude phases
in Eq. (52), we find that the a˜23 terms in A
NP
‖ and A
NP
⊥ in Eq. (56) are instead favored, since
they have the same sign. Accordingly, also from Table I, as only O15,16, O23,24 NP operators are
considered we obtain H−− ≫ H++, which is consistent with the SM expectation [28, 29]. Therefore
because of the phase ambiguity, the data prefer two different types of NP scenarios: (i) the first
scenario, where the NP is characterized by O17,18,25,26 operators, while the operators O15,16,23,24
are absent, (ii) the second scenario, where the NP is dominated by O15,16,23,24 operators, while
O17,18,25,26 operators are absent.
A. The first scenario with O15,16,23,24 absent
In this scenario, the NP effects characterized by O17,18,25,26 operators are lumped into the single
effective coefficient a˜25 = |a˜25|eiφ25eiδ25 , where φ25 and δ25 are the NP weak and strong phases
associated with it. Therefore, in our χ2 analysis, we have three fitted parameters, |a˜25|, φ25, and
δ25. The χ
2
min/d.o.f. for this scenario is 4.15/5, where d.o.f. ≡ degrees of freedom in the fit. Our
best fit results together with the data are cataloged in Tables IV and VI. For illustration, we obtain
theoretical errors by scanning the χ2 ≤ χ2min. + 1 parameter space. The BRs are only sensitive to
the form factors, while the rest results depend very weakly on the theoretical input parameters and
the cutoff that regulates the hard spectator effects in the SM calculation. To estimate the errors
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TABLE IV: Comparison between the first NP scenario predictions and the average for BABAR
and BELLE data [3, 6] with the phases given in Eq. (51). The χ2min/d.o.f. for 8 inputs is 4.15/5.
NP parameters NP results
|a˜25| (2.10
+0.19
−0.12)× 10
−4
δ25 1.15± 0.09
φ25 −0.12± 0.09
Observables BABAR BELLE Average NP results
arg(A‖) −2.61± 0.31 −2.05± 0.31 −2.33± 0.22 −2.60± 0.14
arg(A‖) −2.07± 0.31 −2.29± 0.37 −2.16± 0.24 −2.40± 0.14
arg(A⊥) 0.31± 0.36 0.81± 0.32 0.59 ± 0.24 0.87± 0.12
arg(A⊥) 1.03± 0.36 0.74± 0.33 0.87 ± 0.24 1.10± 0.13
|A0|2, (|A0|2) 0.49± 0.07 (0.55± 0.08) 0.59± 0.1 (0.41± 0.10) 0.52 ± 0.06 (0.50 ± 0.06) 0.52± 0.04 (0.53 ± 0.04)
|A‖|
2, (|A‖|
2) 0.20± 0.02 (0.22 ± 0.02)
|A⊥|
2, (|A⊥|
2) 0.20± 0.07 (0.24± 0.08) 0.26± 0.09 (0.24 ± 0.10) 0.22 ± 0.06 (0.24 ± 0.07) 0.28± 0.03 (0.25 ± 0.02)
A
0
T , (A
0
T
) 0.28± 0.10 (0.21 ± 0.09) 0.19± 0.04 (0.24 ± 0.03)
A
‖
T , (A
‖
T
) 0.06± 0.06 (0.04 ± 0.08) 0.09± 0.01 (0.10 ± 0.00)
for BRs, arising from the input parameters, we allow 10% variation in form factors and decay
constants which may be underestimated, and the resulting errors are displayed in Table VI. The
NP parameters are given by
|a˜25| = (2.10+0.19−0.12)× 10−4, δ25 = 1.15 ± 0.09, φ25 = −0.12 ± 0.09, (57)
with the phases in radians. Note that the non-small δ25 may imply that the strong phase due to
annihilation mechanism in the SM cannot be negligible. In Tables IV and VI, we obtain results
in good agreement with the data. The BABAR and BELLE [3, 6] data show that
Λ00 ≃ Λ‖‖ + Λ⊥⊥,
Λ‖‖ ≃ Λ⊥⊥, (58)
which can be realized as follows. The transverse amplitudes are given by
A‖ = A
NP
‖ +A
SM
‖ ,
A⊥ = A
NP
⊥ +A
SM
⊥ , (59)
where A
NP
‖ ≈ −1.1ANP⊥ in this scenario. In A‖ of Eq. (59), the interference of ANP‖ and ASM‖ is
destructive, while in A⊥ the interference of A
NP
⊥ and A
SM
⊥ becomes constructive. We thus find
Λ⊥⊥ > Λ‖‖ and accordingly Λ‖‖ ≃ 0.8Λ⊥⊥. Interestingly, because δ25 + φ25 is much closer to 0
as compared to δ25 − φ25, the above interference effects thus result in |A‖|2/|A⊥|2 < |A‖|2/|A⊥|2.
In other words, a larger |φ25| yields larger magnitudes of A‖CP , A⊥CP . To get the first relation of
Eq. (58), we first take the squares of the A‖ and A⊥ of Eq. (59), and then add them up together
with their CP-conjugated parts. The interference terms are mutually cancelled and one thus finds
Λ‖‖ + Λ⊥⊥ ∼ Λ00, due to |ANP‖,⊥ |2 ≫ |ASM‖,⊥ |2.
We obtain Λ‖0 = −0.33 ± 0.04 and Σ⊥0 = −0.44 ± 0.05, as compared with the BELLE data:
Λ‖0 = −0.39 ± 0.14 and Σ⊥0 = −0.49 ± 0.14. Within the SM, Λ‖0 ≃ 0.30 and Σ⊥0 ≃ 0.10 are in
contrast to the data.
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TABLE V: Comparison between the second NP scenario predictions and the average for BABAR
and BELLE data [3, 6] with the phases given in Eq. (52). The χ2min/d.o.f. for 8 inputs is 0.56/5.
NP parameters NP results
−|a˜23| −(1.70
+0.11
−0.07)× 10
−4
δ˜23 = δ23 − pi −0.78± 0.10
φ23 0.14± 0.09
Observables BABAR BELLE Average NP results
arg(A‖) 2.61± 0.31 2.05± 0.31 2.33 ± 0.22 2.42± 0.17
arg(A‖) 2.07± 0.31 2.29± 0.37 2.16 ± 0.24 2.21± 0.18
arg(A⊥) 2.83± 0.36 2.33± 0.32 2.55 ± 0.24 2.44± 0.17
arg(A⊥) 2.11± 0.36 2.40± 0.33 2.27 ± 0.24 2.24± 0.17
|A0|2, (|A0|2) 0.49± 0.07 (0.55± 0.08) 0.59± 0.1 (0.41± 0.10) 0.52 ± 0.06 (0.50 ± 0.06) 0.51± 0.04 (0.52 ± 0.04)
|A‖|
2, (|A‖|
2) 0.26± 0.02 (0.26 ± 0.02)
|A⊥|
2, (|A⊥|
2) 0.20± 0.07 (0.24± 0.08) 0.26± 0.09 (0.24 ± 0.10) 0.22 ± 0.06 (0.24 ± 0.07) 0.23± 0.02 (0.23 ± 0.02)
A
0
T , (A
0
T
) 0.28± 0.10 (0.21 ± 0.09) 0.22± 0.04 (0.27 ± 0.04)
A
‖
T , (A
‖
T
) 0.06± 0.06 (0.04 ± 0.08) 0.01+0.00−0.01 (0.01
+0.00
−0.01)
The consistency between data and this NP scenario requires the presence of a large strong phase
δ25 and a (small) weak phase φ25. Our numerical predictions for the rest NP related observables
are Λ⊥‖,Σ00,Σ‖‖,Σ⊥⊥ ∼ ±(1 − 2)%, which are marginal sensitive to φ25. Since our analysis
yields A
‖
T ≃ 0.09 and A‖T ≃ 0.10, we therefore obtain Σ⊥‖ = −A
‖
T − A‖T ≃ −0.19 and Λ⊥‖ =
A
‖
T − A‖T ≃ −0.01. We observe that Λ⊥0,⊥‖,Σ⊥⊥, ACP (B → φK
∗
), A
0,‖
CP have the same sign as
φ25, whereas Σ00,‖‖,‖0, A
⊥
CP are of the opposite sign. For a small φ25 = −0.12 (= −7◦), we get
NP related quantities Λ⊥0 ≈ −Σ‖0 ≈ A‖CP ≈ −0.05 which may become visible in the future
once the experimental errors go down. It is interesting to note that the existence of the non-
zero NP weak phase φ25 may be hinted by the BABAR measurements of arg(A⊥ − A⊥) 6= 0 and
arg(A‖−A‖) 6= 0. If taking alone the BABAR data as inputs, we obtain φ25 = (16±7)◦, which could
cause sizable effects in observations: Σ‖0(= Re(A‖A
∗
0−A‖A∗0)) = 0.15± 0.07, A0T (= 0.26± 0.03) 6=
A
0
T (= 0.11 ± 0.06), Σ⊥0(= −A0T − A0T ) = −0.38 ± 0.08, Λ⊥0(= A
0
T − A0T ) = −0.15 ± 0.07 and
A
‖
CP ≃ −2A⊥CP ≃ 3A0CP ≃ (−15 ± 6)%. As for the branching ratio, we obtain BR(B0 → φK∗0) ≃
(1.33±0.25)×10−6 , in good agreement with the world average (9.5±0.9)×10−6 [19], while without
NP corrections the result becomes a much smaller value of ∼ 5.8× 10−6.
B. The second scenario with O17,18,25,26 absent
In the second scenario, the NP is characterized by O15,16,23,24 operators and the only relevant
NP parameter is a˜23 = |a˜23|eiφ23eiδ23 with φ23 and δ23 being the NP weak and strong phases,
respectively. Following the same way as in the first scenario, we show the results in Tables V and
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TABLE VI: Comparison between the NP predictions and data [3, 6]. The NP related observables
are denoted by “(∗)”. The second errors for BRs come from the uncertainties of input parameters,
and the first ones are obtained with the constraint χ2 ≤ χ2min. +1. The world average for total BR
is (9.5 ± 0.9) × 10−6 [19].
BABAR BELLE The 1st scenario The 2nd scenario
Λ00 0.50± 0.07 0.53± 0.04 0.51± 0.04
Λ‖‖ 0.25± 0.07 0.21± 0.02 0.26± 0.02
Λ⊥⊥ 0.25± 0.07 0.26± 0.02 0.23± 0.02
Λ‖0 −0.39± 0.14 −0.33± 0.04 −0.49± 0.07
Σ⊥0 −0.49± 0.14 −0.44± 0.05 −0.49± 0.07
Σ⊥‖ −0.09± 0.10 −0.19± 0.01 −0.01± 0.00
Λ⊥0(*) −0.22± 0.10 0.07± 0.12 −0.05± 0.04 −0.05± 0.06
Λ⊥‖(*) 0.04± 0.08 0.02± 0.10 −0.01
+0.00
−0.01 −0.00
+0.00
−0.01
Σ00(∗) −0.09± 0.06 0.00± 0.00 0.00± 0.00
Σ‖‖(∗) 0.10± 0.06 0.01
+0.00
−0.01 −0.00± 0.00
Σ⊥⊥(∗) −0.01± 0.06 −0.01± 0.01 −0.00± 0.00
Σ‖0(∗) −0.11± 0.14 0.06± 0.06 0.05± 0.07
BR(B
0
→ φK
∗0
) (9.0+0.5−0.6 ± 1.9)× 10
−6 (8.7+0.5−0.6 ± 1.8)× 10
−6
BR(B
0
→ φK
∗0
)0 (4.7 ± 0.1± 1.0) × 10−6 (4.5± 0.1± 0.9) × 10−6
BR(B
0
→ φK
∗0
)‖ (1.9 ± 0.3± 0.4) × 10
−6 (2.2± 0.3± 0.5) × 10−6
BR(B
0
→ φK
∗0
)⊥ (2.4 ± 0.3± 0.5) × 10
−6 (2.0± 0.3± 0.5) × 10−6
ACP (B → φK
∗
) −0.01± 0.09 −0.01± 0.01 −0.01± 0.02
A0
CP
= −Σ00/Λ00 −0.06± 0.10 −0.02± 0.02 −0.02± 0.02
A
‖
CP
= −Σ‖‖/Λ‖‖ −0.05± 0.05 −0.01± 0.02
A⊥
CP
= −Σ⊥⊥/Λ⊥⊥ −0.10± 0.25 0.03± 0.03 −0.01± 0.01
AT
CP
= −
Σ‖‖+Σ⊥⊥
Λ‖‖+Λ⊥⊥
−0.01± 0.01 −0.01± 0.02
VI, where χ2min/d.o.f. is 0.56/5. The NP parameters in this scenario are given by
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|a˜23| = (1.70+0.11−0.07)× 10−4, δ23 = 2.36 ± 0.10, φ23 = 0.14± 0.09, (60)
with phases in radians. a˜23 produces sizable contributions to the transverse amplitudes. Λ‖‖ +
Λ⊥⊥ ∼ Λ00 can be understood by following the analysis given in the first scenario. In this scenario,
because the two terms in both amplitudes A‖ and A⊥ in Eq. (59) contribute constructively, we find
Λ‖‖/Λ⊥⊥ ≈ (ANP‖ /ANP⊥ )2 = 1.1.
As for φ23 = 0.14 ± 0.09 [= (8 ± 5)◦], we obtain A0T = 0.27 ± 0.04, A
0
T = 0.22 ± 0.04, and
accordingly Σ⊥0 = −0.49 ± 0.07, Λ⊥0 = −0.05 ± 0.06. Since the numerical analysis gives the
triple-products A
‖
T , A
‖
T ≃ 0.00 ∼ 0.01, we therefore obtain Σ⊥‖ = −A‖T − A‖T ≃ −0.01 and Λ⊥‖ =
A
‖
T − A‖T ≃ 0. Note that Λ⊥0,⊥‖ are CP-violating observables. We get Λ‖0 = −0.49 ± 0.07, while
the SM result is Λ‖0 ≃ 0.30. For NP related observables, we obtain Σ‖0 = −Λ⊥0 = 0.05 ± 0.07
but Λ⊥‖ ≈ Σλλ ≈ 0 which are rather small. Larger magnitudes of Λ⊥0 and Σ‖0 are implied for
7 It may be better to rewrite as a˜23 = −|a˜23|eiφ23eiδ˜23 , where the redefined strong phase is δ˜23 = δ23 − π =
−0.78± 0.10[= (−45± 6)◦]. The reason is that it is hard to have a large strong phase in the perturbation
calculation.
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a larger |φ23|. The BABAR results, displaying arg(A⊥ − A⊥) 6= 0 and arg(A‖ − A‖) 6= 0, may
hint at the existence of the NP weak phase; consequently, if taking alone the BABAR data, the
numerical analysis yields φ23 = 0.23
+0.15
−0.12 such that A
0
T (= 0.29 ± 0.04) 6= A
0
T (= 0.14
+0.10
−0.07), which
can be rewritten as Σ⊥0(= −A0T − A0T ) = −0.43+0.08−0.11 and Λ⊥0(= A
0
T − A0T ) = −0.16+0.12−0.09, and
Σ‖0(= Re(A‖A
∗
0 − A‖A∗0)) = 0.15 ± 0.09. Finally, we get BR(B0 → φK∗0) ≃ (1.22 ± 0.24) × 10−6
which is in good agreement with the world average (9.5 ± 0.9) × 10−6 [19].
V. SUMMARY AND CONCLUSION
The large transverse polarization anomaly in theB → φK∗ decays has been observed by BABAR
and BELLE. We resort to the new physics for seeking the possible resolutions. We have analyzed
all possible new-physics four-quark operators. Following the analysis for the helicities of quarks
arising from various four-quark operators in the B decays, we have found that there are two classes
of operators which could offer resolutions to the B → φK∗ polarization anomaly. The first class is
made of O17,18 and O25,26 operators with structures (1− γ5)⊗ (1− γ5) and σ(1− γ5)⊗ σ(1− γ5),
respectively. These operators contribute to different helicity amplitudes as H00 : H−− : H++ ∼
O(1/mb) : O(1/m2b ) : O(1). The second class consists of O15,16 and O23,24 operators with structures
(1 + γ5)⊗ (1 + γ5) and σ(1 + γ5)⊗ σ(1 + γ5), respectively, and the resulting amplitudes are given
as H00 : H++ : H−− ∼ O(1/mb) : O(1/m2b ) : O(1). Moreover, we have shown in Eq. (33) that
by Fierz transformation O17,18 can be rewritten in terms of O25,26, and O15,16 in terms of O23,24.
For each class of new physics, we have found that all new physics effects can be lumped into a sole
parameter: a˜25 (or a˜23) in the first (or second) class. Our conclusions are as follows:
1. Two possible experimental results of polarization phases, arg(A⊥)− arg(A‖) ≈ π or 0, orig-
inating from the phase ambiguity in data, could be separately accounted for by our two
new-physics scenarios with the presence of a large(r) strong phase, δ25 (or δ23), and a small
weak phase, φ25 (or φ23). In the fist scenario only the effective coefficient a˜25 is relevant,
which is related to O17,18,25,26 operators such that H++ ≫ H−−, while in the second sce-
nario only the effective coefficient a˜23 is relevant, which is associated with O15,16,23,24 oper-
ators such that H−− ≫ H++. Note that if simultaneously considering the six parameters
|a˜25|, δ25, φ25, |a˜23|, δ23, φ23 in the fit, the final results still converge to the above two scenarios.
2. We obtain Λ‖‖ ≃ 0.8Λ⊥⊥ in the first scenario, but Λ‖‖ >∼ Λ⊥⊥ in the second scenario.
3. Our numerical analysis yields A
‖
T , A
‖
T ≈ 0.10 and Σ⊥‖ ≈ −0.19 in the first scenario, but
gives A
‖
T , A
‖
T ≃ 0.01 and Σ⊥‖ ≃ −0.01 in the second scenario. These two scenarios can
thus be distinguished. Furthermore, a larger magnitude of the weak phase, φ25 or φ23, can
result in sizable Λ⊥0,Σ‖0. As displayed in Table VI, we obtain Λ⊥0 ≃ −Σ‖0 ≃ −0.05 for
φ25,(23) = −0.11 (0.14).
4. The NP related observations Σ00,‖‖,⊥⊥,Λ⊥‖ are only marginally affected by weak phases
φ25,23.
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5. We obtain BR(B → φK∗) ≃ (1.3± 0.3)× 10−6 in two scenarios. Note that we have used the
rescaled LCSR form factors in Ref. [20, 24], where smaller values for form factors were used
in explaining B → K∗γ,Xsγ data [23].
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APPENDIX A
The LCDAs of the vector meson relevant for the present study are given by [30]
〈V (P ′, ǫ)|q¯1(y)γµq2(x)|0〉 = fVmV
∫ 1
0
du ei(u p
′·y+u¯p′·x)
{
p′µ
ǫ∗ · z
p′ · z Φ‖(u) + ǫ
∗
⊥µ g
(v)
⊥ (u)
}
,
(A1)
〈V (P ′, ǫ)|q¯1(y)γµγ5q2(x)|0〉
= −fV
(
1− f
T
V
fV
mq1 +mq2
mV
)
mV ǫµνρσ ǫ
∗νp′ρzσ
∫ 1
0
du ei(u p
′·y+u¯p′·x) g
(a)
⊥ (u)
4
, (A2)
〈V (P ′, ǫ)|q¯1(y)σµνq2(x)|0〉 = −ifTV
∫ 1
0
du ei(u p
′·y+u¯p′·x) (ǫ∗⊥µp
′
ν − ǫ∗⊥νp′µ)Φ⊥(u), (A3)
where z = y−x with z2 = 0, and we have introduced the light-like vector p′µ = P ′µ−m2V zµ/(2P ′ ·z)
with the meson’s momentum P ′2 = m2V . Here the longitudinal and transverse projections of the
polarization vectors are defined as
ǫ∗‖µ ≡
ǫ∗ · z
P ′ · z
(
P ′µ −
m2V
P ′ · z zµ
)
, ǫ∗⊥µ = ǫ
∗
µ − ǫ∗‖µ. (A4)
Note that these are not exactly the polarization vectors of the vector meson. In the QCDF calcu-
lation, the LCDAs of the meson appear in the following way
〈V (P ′, ǫ)|q¯1α(y) q2 δ(x)|0〉 = 1
4
∫ 1
0
du ei(u p
′·y+u¯p′·x)
×
{
fVmV
(
p′µ
ǫ∗ · z
p′ · z Φ‖(u)+ 6ǫ
∗
⊥ g
(v)
⊥ (u) + ǫµνρσ ǫ
∗µp′ρzσ γµγ5
g
(a)
⊥ (u)
4
)
+ fTV 6ǫ∗⊥ 6p′ Φ⊥(u)
}
δα
. (A5)
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Note that to perform the calculation in the momentum space, we first represent the above equation
in terms of z-independent variables, P ′ and ǫ∗. Then, the light-cone projection operator of a light
vector meson in the momentum space reads
MVδα =M
V
δα‖ +M
V
δα⊥ , (A6)
with the longitudinal projector
MV‖ =
fV
4
mV (ǫ
∗ · n+)
2
6n−Φ‖(u)
∣∣∣∣∣
k=up′
, (A7)
and the transverse projector
MV⊥ =
fTV
4
6ǫ∗⊥ 6p′Φ⊥(u)
+
fVmV
4
{
6ǫ∗⊥ g(v)⊥ (u)−
∫ u
0
dv (Φ‖(v)− g(v)⊥ (v)) 6p′ ǫ∗⊥µ
∂
∂k⊥µ
+ iǫµνρσ ǫ
∗ν
⊥ γ
µγ5
[
nρ−n
σ
+
1
8
dg
(a)
⊥ (u)
du
− p′ρ g
(a)
⊥ (u)
4
∂
∂k⊥σ
]} ∣∣∣∣∣
k=up′
, (A8)
where nµ− ≡ (1, 0, 0,−1), nµ+ ≡ (1, 0, 0, 1), k⊥ is the transverse momentum of the q1 quark in the
vector meson, and the polarization vectors of the vector meson are
ǫµ⊥ ≡ ǫµ −
ǫ · n+
2
nµ− −
ǫ · n−
2
nµ+. (A9)
In the present study, we only consider the leading contribution in ΛQCD/mb for M
V
‖ . In Eqs. (A1),
(A2) and (A3), Φ‖,Φ⊥ are twist-2 LCDAs, while g
(v)
⊥ , g
(a)
⊥ are twist-3 ones. Applying the equation
of motions to LCDAs, one can obtain the following Wandzura-Wilczek relations
g
(v)
⊥ (u) =
1
2
[ ∫ u
0
Φ‖(v)
v¯
dv +
∫ 1
u
Φ‖(v)
v
dv
]
+ . . . , (A10)
g
(a)
⊥ (u) = 2
[
u¯
∫ u
0
Φ‖(v)
v¯
dv + u
∫ 1
u
Φ‖(v)
v
dv
]
+ . . . , (A11)
where the ellipses in Eqs. (A10) and (A11) denote additional contributions from three-particle
distribution amplitudes containing gluons and terms proportional to light quark masses, which we
do not consider here. Eqs. (A10) and (A11) further give
1
4
dg
(a)
⊥ (u)
du
+ g
(v)
⊥ (u) =
∫ 1
u
Φ‖(v)
v
dv + . . . , (A12)
∫ u
0
(Φ‖(v)− g(v)⊥ (v)) dv =
1
2
[
u¯
∫ u
0
Φ‖(v)
v¯
dv − u
∫ 1
u
Φ‖(v)
v
dv
]
+ . . . , (A13)
After considering Eqs. (A10), (A11), (A12) and (A13), G±g in Eq. (16) are actually equal to zero.
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